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The peculiar characteristics of dust toxicity are discussed in relation to the processes taking place
at the particle-biological medium interface. Because of surface reactivity, toxicity of solids is not
merely predictable from chemical composition and molecular structure, as with water soluble
compounds. With particles having the same bulk composition, micromorphology (the thermal and
mechanical history of dust and adsorption from the environment) determines the kind and
abundance of active surface sites, thus modulating reactivity toward cells and tissues. The
quantitative evaluation of doses is discussed in comparisons of dose-response relationships
obtained with different materials. Responses related to the surface of the particle are better
compared on a per-unit surface than per-unit weight basis. The role of micromorphology,
hydrophilicity, and reactive surface cations in determining the pathogenicity of inhaled particles is
described with reference to silica and asbestos toxicity. Heating crystalline silica decreases
hydrophilicity, with consequent modifications in membranolytic potential, retention, and transport.
Transition metal ions exposed at the surface generate free radicals in aqueous suspensions.
Continuous redox cycling of iron, with consequent activation-reactivation of the surface sites
releasing free radicals, could account for the long-term pathogenicity caused by the inhalation of
iron-containing fibers. In various pathogenicities caused by mixed dusts, the contact between
components modifies toxicity. Hard metal lung disease is caused by exposure to mixtures of
metals and carbides, typically cobalt (Co) and tungsten carbide (WC), but not to single
components. Toxicity stems from reactive oxygen species generation in a mechanism involving
both Co metal and WC in mutual contact. A relationship between the extent of water adsorption
and biopersistence is proposed for vitreous fibers. Modifications of the surface taking place in
vivo are described for ferruginous bodies and for the progressive comminution of chrysotile
asbestos fibers. Environ Health Perspect 105(Suppl 5):1013-1020 (1997)
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dusts, glass fibers
Introduction
The crucial role played by physicochemical
characteristics in the pathogenic response
to particulates has been recognized since
the early research in dust toxicity. In some
pioneering works the biological effects of
different forms ofthe same mineral (mostly
silica) or ofchemically modified samples
were compared and related to the physico-
chemical properties (1-4). Hemolysis of
red blood cells was one ofthe first effects
caused by mineral dusts to be extensively
investigated over a large variety ofspeci-
mens (5,6). Attention was then focused on
the crystal faces exposed and on the chemi-
cal functionalities present at the surface
(7-9). Few extensive reviews on the physi-
cochemical properties ofminerals relevant
to biological activities appeared in the sub-
sequent years (8-10); meanwhile, research
proceeded much more on the biomedical
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side than on the chemical one. This paper
addresses the role of surface reactivity in
eliciting a given biological response and
reports some ofthe most recent investiga-
tions on dust toxicity in which a relation-
ship was envisaged between chemical
properties and toxicity.
Inorganic Particles
in Living Matter
When an inhaled particle comes in contact
with biomolecules, cells, and tissues, reac-
tions occur at the particle-biological
medium interface that are determined by
the reactivity ofthe particle surface. In this
respect particle toxicity differs on many
points from the toxicity originated by
water-soluble toxic agents. Molecular
structure determines the toxicity ofa solu-
ble compound. In the case ofmineral par-
ticles, chemical nature, size, shape, surface
roughness, exposure of crystal planes,
and various surface functionalities all
contribute to ultimate toxicity. Table 1
compares the characteristics ofsoluble and
insoluble toxic agents. The mechanisms of
action ofparticles is generally more com-
plex because: a) the particle may interact
at various stages with tissues; b) various
surface functionalities may be implied; c)
the in vivo durability, i.e., biopersistence,
is also an important factor in determining
overall pathogenicity.
In the early stages of pathogenic
response, the function of the surface is
mostly related to adsorption phenomena
and cell-particle interactions. Adsorption
may be either a primary step in toxicity or
may inhibit adverse responses by blocking
direct interactions between the particle
surface and cell membrane.
Adsorption ofxenobiotics prior to
inhalation may transform the partide into a
carrier ofcarcinogens in the lung, which
may act synergistically with the particle
itself (11). Polyaromatic hydrocarbons
(PAHs) are adsorbed at the asbestos surface
to a larger extent than on other solids such
as silica or glass fibers (12-14). The surface
concentration ofPAHs attained is higher
because on asbestos the PAH molecule is
polarized and adsorbed vertically and not
horizontally, as on silica. Multiple layers of
vertically packed molecules build up and
bind strongly to the surface (14). This may
be related to the well-established synergistic
effect oftobacco smokingand asbestos expo-
sure on the risk oflung cancer; the relevant
mechanism in still underdebate (15).
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Table 1. Comparison between particulates and soluble toxic compounds.
Water-soluble toxic agent Toxic particulate
One well-defined targetcell or molecule Several particle-biological matter interactions contribute
to the overall pathogenicity
The dose is easyto quantify fordose-effect Quantification ofthe dose is not straightforward (per unit
relationships (per unitconcentration in bodyfluids) weight, per unit surface, per number of particles)
One mechanism ofaction atthe molecular level Several surface sites with different chemical properties
may be involved
The molecular structure ofthe substance determines The reactivity is notfully predictable from chemical
the reactivity composition
The effect exists until the molecule is metabolized The effect persists for long periods oftime; the particle
orexcreted may be located in different compartments
Adsorption ofendogenous material takes
place in any body fluid and depends on the
chemical characteristics ofthe surface such
as charges, polarity, acidic-basic sites, and
hydrogen-bondingpotential (16).
By the time an inhaled fiber reaches the
alveolar region, contactwith bodyfluids has
modified the external surface via physical
adsorption ofmacromolecules. Surfactant
treatments have been designed to model
surface conditioning representative ofinitial
events that occur when a particle deposits
in the pulmonaryalveolar space (17).
Interaction with cells may occur either
with target cells that are directly damaged
by theparticle orwith immune system cells
attempting a defense against the foreign
body, typically alveolar macrophage(s)
(AM) and polymorphonuclear leukocytes.
In the first case it is often hypothesized
that DNAdamage is caused by free radicals
generated at the particle surface (11). The
interaction with AM involves phagocytosis
ofthe particle. In the lysosome the particle
will experience a lower pH and a high con-
centration of oxidants, which may yield
redox/radical reactions with consequent
free radical release or chemical modifica-
tions at the surface oftheparticle itself.
Physicochemical Factors
Influencing Surface Reactivity
Surface reactivity, hence pathogenicity, is
not predictable simply from chemical
composition ofthe bulk (Table 1). A typi-
cal example is the variety of biological
responses to the simple compound, silicon
dioxide (1-3,6-9,18). The various crys-
talline silica polymorphs exhibit remarkable
differences in their pathogenic potential
related to differences in crystal structure
(1,3,8,19-21). Even specimens ofthe same
silica polymorph, e.g., cristobalite dusts of
different origin (22,23) or variously modi-
fied dusts (23,24), also elicit different
biological effects, some inert and others
very pathogenic. The differences in surface
reactivity among specimens of minerals
with the same chemical composition and
crystal structure, which determine their dif-
ferent pathogenic potentials, are modified
by physicochemical processes taking place
at the surface.
Four major points must be stressed
regarding anykind ofparticle:
* The surface is different from the bulk.
Poorly coordinated atoms and ions,
more abundant with finely divided
materials, are present at the surface and
constitute local centers of more pro-
nounced reactivity (25,26). The surface
may be enriched in some components
with respect to the bulk. Following con-
tact with atmospheric oxygen, transition
metal ions exposed may be oxidized.
Surface hydration and hydroxylation
occurs in a moist atmosphere, with
kinetics dependent on several factors,
including crystallinity, fractal aspect
of the surface, and thermal history of
the sample.
* Fresh surfaces are different from aged
ones. Freshly ground silica exhibit a
peculiar reactivity, originated by dan-
gling bonds and surface charges arising
from the cleavage ofthe silicon-oxygen
bonds (27), which has been related to
acute damage (18,28). Freshly ground
silica was recently reported to be more
toxic than aged silica in vivo (29).
Grinding and milling affect both form
and surface composition of fibers.
Crystalline fibers such as amphiboles
retain a fibrous form even after com-
minution, whereas amorphous fila-
ments, e.g., glass fibers, are progressively
transformed into equant particles. In
both cases, newly cleaved surfaces are
brought in contact with air and react,
sometimes veryslowly, with atmospheric
components. Asbestos is activated by
mild grinding, probably because ferrous
iron is exposed; prolonged grinding
deeply modifies and inactivates chryso-
tile asbestos (30). A remarkable increase
upon grinding in reactive oxygen species
(ROS) release and in the formation of
8-hydroxydeoxyguanosine from deoxy-
guanosine was reported for various
asbestos fibers (31).
Chemical treatments may affect the
surface without modifying the bulk of
the particle. Acid washing eliminates
contaminant surface ions with conse-
quent modifications in the biological
activity (32). Etching with hydrofluoric
acid eliminates external amorphous
layers in silicas, which inhibits or delays
the fibrogenic response (2,18).
* Thermal treatments modify the state of
the surface often without any modifica-
tion in bulk structure. The reactivity of
a silica surface depends gready on disso-
ciated and undissociated silanols (6-9).
Silicas and some silicates are progres-
sively rendered more hydrophobic by
heating as a consequence ofthe trans-
formation of silanols into siloxanes
(22,33). Correspondingly, the membra-
nolysis potential decreases (33,34). The
reversible adsorption ofwater, reported
in Figure 1 for cristobalite heated at
different temperatures, measures the
extent of silanols patches, i.e., the
extent of hydrophilic sites (18). It is
noteworthy that when reported as a
function ofthe temperature ofthe ther-
mal pretreatment (Figure 1), hydro-
philicity paralleled membranolysis. The
silica content of macrophages from
bronchoalveolar lavage was much higher
in the case ofheated than in unheated
cristobalite. This may be related to a
decreased toxicity to macrophages, with
consequent delay in macrophage death
as a consequence ofreduced membrane
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Figure 1. Membranolysis (hemolysis, %, empty symbol)
and adsorption of water vapor (number of moles
adsorbed underH20vapor pressure of 5torr, full symbol)
on cristobalite mineral dust preheated at different tem-
peratures. Data replottedfrom Hemenway etal. (34).
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damage (34). When heated samples are
cooled down and exposed to the atmos-
phere, only a part ofthe water lost in
thermal treatment is adsorbed again by
silica-based particles (25,33). The kinet-
ics of this phenomenon may be very
slow-from days to years-depending
on chemical composition, impurities,
and temperature attained during ther-
mal treatment. As this temperature rises,
further rehydration slows.
Any correct comparison between bio-
logic responses to samples ofthe same mate-
rial requires samples with the same chemical
and mechanical and thermal history.
HowSurface Properties
Modulate the Fate
ofthe Inhaled Particle
Once inhaled, the particle will be translo-
cated into various compartments (alveoli,
interstitium, mediastinal lymph nodes),
internalized by cells, and finally may be par-
tially cleared from the lung. Damage to
DNA and lipid peroxidation found in in
vitro tests may take place with the target
cells contacted by the fiber or partide within
these compartments. Table 2 illustrates pos-
sible relationships between some surface
properties and the above processes, suggested
byresults from in vivoor in vitrotests.
Surface Properties
Relevant to Pathogenicity
Form,?vicromorphology,
andSurfaceArea
The form of a particle is of paramount
importance in pathogenicity. In many
Table 2. Surface propertiesthat determine the fate ofthe particle.
Properties
cases, fibrous materials have been reported
as more active than their nonfibrous
counterparts (36).
With equant particles, the biological
response is often related to the extent of
exposed surface (37). Some particles are
smooth at the atomic level so that their geo-
metric surface may be calculated from the
size distribution and approaches the true
one. With indented particles evaluation of
the true exposed surface may be performed
only by means of physical adsorption of
gases (Brunauer Emmet Teller [BET]
method). When comparing the effects of
various particles, the question ofmeasure-
ment arises. How should exposure in vivo
or doses in vitro be expressed: by mass (cur-
rent method), number ofparticles, number
ofsized particles, or unit surface area? The
choice depends on the biological process
investigated. Ifsmall molecules act as medi-
ators ofbiochemical reactions, the true sur-
face area is the most appropriate one. If
cellular events such as the internalization of
particles are involved, the number ofsized
particles should be considered. However,
the mass is the most inappropriate measure-
ment to use, particularly ifcomparing effects
ofmaterials with different specific weights
or different surface per unit mass. Table 3
suggests the most appropriate parameters to
adopt for dose evaluation by following the
biological response investigated.
In fibers, expression is more compli-
cated, as length, diameter, and aspect ratio
also must be considered (11).
The fibrous habit has always been
considered a physical property of the
material unrelated to chemical ones.
Particle fate
Cell-surface adhesion, adsorbed substances, hydrophilicity (16,40) Translocation into the various compartments
Hydrophobicity(16), Release of iron-mediated ROS (35) Internalization
Potential forfree radical release (44) DNA damage, lipid peroxidation
Solubility, membranolytic potential, cytotoxicity Biopersistence and clearance
Table 3. Suggested measurement fordoses when investigating different biological responses.
Biological response Dose measurement
Membranolysis BET surface
Adsorption of small molecules BETsurface
Adsorption of macromolecules, modification of enzymes Geometric surface, depends upon macromolecule size
Macrophage activation and release ofcytokines Number of particles/fibers, number of sized
particles/fibers
DNAdamage to target cells via ROS release BET surface
Lipid peroxidation BET surface
Cytotoxicity mediated bysmall molecules BET surface
Cytotoxicity mediated by particle cell interaction Geometric surface
Recently, however, some authors have
reported different surface reactivity among
fibers ofthe same composition but differ-
ent sizes (17,38,39), which would suggest
a possible chemical fiber effect, based
mainly on different surface composition
and/or adsorptive capacity of long versus
short fibers.
SurficeHydrophobicity
andHydrophilicity
The degree ofhydrophobicity ofthe surface
regulates cell surface adhesion, protein
denaturation at the interface, and selective
adsorption ofcomponents from the liquid
phase (16). Avariation in hydrophilicity of
the surface may involve a different translo-
cation route in various biological compart-
ments (Table 2), different coatings by
endogenous materials, or different locations
in close proximity to cells (16).
Heat treatment on crystalline silicas
(cristobalite and quartz), which reduces the
extent ofhydrophilic sites (Figure 1), results
in increased initial dust accumulation,
increased recruitment ofalveolar inflamma-
tory cells, reduced short-term clearance,
and enhanced long-term clearance. Heated
quartz demonstrated a dramatic increase in
particle retention in the lungs and in the
rate ofsilica accumulation in the thymus
and associated mediastinal lymph nodes,
suggesting a relationship between the extent
ofhydrophobicity caused by thermal treat-
ment and retention/transport in various
biologic compartments (40).
Cristobalite fully hydrophobized by
thermal treatment was inert both in vitro
and in vivo (22,23). Chemically hydropho-
bized silica surfaces are also less pathogenic
(41). This suggests that the pathogenic
process is modulated by the extent ofsur-
face hydrophobicity, even if other surface
functionalities are directly responsible for
fibrogenic response to crystalline silicas (42).
Transition Metals
andFreeRadical Release
A large set ofdata from in vivo and in vitro
tests indicates that antioxidants, ROS scav-
engers, and strong iron chelators amelio-
rate or inhibit the biological response to
asbestos, which supports the hypothesis
that iron-derived ROS would mediate
genetic damage and play some role in
asbestos toxicity (11,43-45). This hypoth-
esis, still controversial, leaves unexplained
the pathogenicity ofiron-free fibers such as
tremolite or ceramic fibers. However, it
must be pointed out that a few traces of
iron are sufficient to catalyze free radical
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generation; some iron may be deposited in
vivo and originate catalytically active sites.
ROS may be of endogenous origin, i.e.,
released following internalization or exoge-
nous origin-the fiber itselfgenerates ROS
in biological fluids. There is evidence for
both mechanisms occurring with some
fibers, which implies radical release at the
fiber surface ubiquitously, or, conversely,
complex radical reactions during internal-
ization between radicals of inorganic and
biochemical origin (43). In both cases, the
radical concentration attained may impair
body defenses, and consequently, radicals
may reach target cells.
The mechanism whereby a fiber pro-
motes or catalyzes the abnormal release of
radicals is still under debate. A crucial role
in this reaction is played by the location of
iron at the asbestos surface (43-45). Glass-,
slag-, and rockwools also release free radicals
in aqueous suspensions provided that iron is
present in the fiber composition. (46-48).
The transforming potency on Syrian
hamster embryo cells of various iron-
containing solids was decreased by adding
desferrioxamine, inferring that transforming
potency is indeed related to iron (49). Not
all iron was active, in agreement with a large
number of cell-free tests indicating that
only a small fraction oftotal iron present is
capable ofgenerating ROS (31,43,50).
Various hypotheses exist on the chemi-
cal nature ofiron sites active at the surface
and on their modifications in vivo follow-
ing radical release (31,43-45,50-52).
Reactive iron may be either at the solid
surface linked in the crystalline matrix
(31,38,50-52) or brought in solution by
endogenous chelators (44,53). Single-
strand DNA damage correlates with iron
that may be mobilized from asbestos by
low molecular weight chelators, which sug-
gests a direct relationship between free rad-
ical generation and mobilized iron (44,53).
However, a prolonged or catalytic mecha-
nism is required to explain long-term path-
ogenicity, which may be sustained by an
interplay between both surface and mobi-
lized iron. Several recent papers indicate
that iron complexed at the solid-liquid
interface becomes very active (54-56).
Adachi et al. (55) prepared a deironized
crocidolite by washing the original fibers
with HCI and EDTA, which was more
potent in oxidizing DNA in vitro and in
the induction of mesotheliomas in vivo.
This is likely due to the fact that redox
potential ofiron, and related potential for
free radical release, is modified and often
enhanced following chelation. All of the
above data are consistent with a model
where the active iron is a well-dispersed
ion, loosely fixed at the surface, and partly
coordinated byvarious ligands.
The iron involved in the reaction-
originating ROS may be in the chemical
composition of the fiber (amphibole
asbestos) or present as an impurity (chryso-
tile and glass fibers) (31,48-52). There is
evidence that endogenous iron is deposited
on the fiber surface from macrophages or
other cells (57) that might also become
active. This latter hypothesis might explain
the toxicity of fibers that do not contain
any iron e.g., ceramic fibers, but are
carcinogenic in experimental animals.
Free radicals have been found in cell-free
assays by different techniques, including
direct spin trapping, oxygen consumption,
lipid peroxidation, and DNA damage (43).
Free radical release is not necessarily a cat-
alytic reaction. The term "catalyzes" is often
misused in place ofthe term "generates" in
cases where no evidence was reported that
free radical release was not just an outburst
but a prolonged reaction. When the solid
surface merelyacts as a Fenton reagent:
particle+H202 - OH+OH-,
the reaction is indeed catalytic (52).
Catalysis would then be confined to the
phagolysosomal medium, where hydrogen
peroxide is released following phagocytosis
ofthe particle. In vivo, however, the situa-
tion may be different, as in some cases the
surface active sites may be regenerated
through redox cycles (43,50).
Interaction Between
Components
in Mixed Dusts
In mixed dusts each component may
undergo surface contamination to some
extent from the other components, which
mayinhibit or enhance toxicity.
Inhibition ofSilica
ActivitybyClays
The total amount ofcrystalline silica in coal
mine dust does not correlate with patho-
genicity. Several explanations have been
proposed, including rank effect (relating
toxicity to the geological strata ofthe coal
deposit) and the role ofdays in inhibiting
the activity ofquartz partides when in dose
contact with or actually covering the parti-
cle. Cytotoxity ofthese dusts relates better
to free (uncovered) quartz than to total
quartz content (58). Submicroscopic
aluminosiicate coatings, recently evidenced
on quartz, could also explain the rank effect
in coal workers' pneumoconiosis (59).
HardMet Lung Disease:
Activation ofthe Metal
attheCarbideSurfia
In recent years, clinical, epidemiological,
and experimental evidence has accumu-
lated indicating that Co metal particles,
when inhaled in association with other
agents such as metallic carbides (hard met-
als) or diamond dust, may produce an
interstitial lung disease termed hard metal
lung disease (60-62). In vivo and in vitro
tests indicate that the pure components,
namely Co metallic particles and pure WC,
are inert. The pathogenic response is also
different from that elicited by Co salts
(61,62). Toxicity originates only when
contact occurs with mixed dusts. Cell-free
assays reveal that mixed dusts, not the pure
components, release ROS in a buffered
aqueous suspension, while Co is progres-
sively solubilized (63). Co was not toxic
per se, as Co soluble salts in contact with
carbide partides are also inert. AR data are
consistent with the model illustrated in
Figure 2, where atmospheric oxygen is acti-
vated at the WC surface by electron migra-
tion from Co to the carbide. In this case it
is the mere contact between the particles,
i.e., the solid-solid interface, which causes
the reactivity related to the pathogenic
response (63).
State ofthe Surface
and Biopersistence
The biodurability ofa fiber or partide, one
of the parameters relevant to biopersis-
tence, depends mainly on dissolution and
leaching in vivo (37). Chemical composition
determines the solubility in equilibrium
Co
Co2
Co- Co2++ 2e-
ROS
02+ e- ROS
Figure 2. Mechanism proposed for release of ROS
from buffered aqueous suspensions of Co/WC mixtures
(hard metals). Co is progressively oxidized and solubi-
lized; oxygen is activated at the carbide surface (63).
e-, electron.
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conditions, but the rate ofdissolution also
depends on extension and state ofthe sur-
face. Selective leaching ofions exposed at
the surface, removed bywater molecules or
endogenous chelators, facilitates penetra-
tion of solvent molecules in the solid,
which allows solubility.
We compared the adsorptive capacities
ofwater vapor molecules ofsome artificial
fibers with those of pure vitreous silica.
Figure 3 illustrates the amount ofwater
adsorbed as a function ofthe equilibrium
vapor pressure (adsorption isotherms) for
man-made vitreous fiber (MMVF)1O,
MMVF11, and MMVF21, and a ground
pure silica glass (Suprasil). All glass fibers
adsorb more water than pure vitreous silica
under the same water vapor pressure
because ofcoordination ofwater molecules
with the exposed metal ions that are pre-
sent in glass but not in silica. Their affinity
for water, on a per-unit surface basis, is
different, however, decreasing in the series
MMVF11 >MMVF10 >
MMVF21 >vitreous silica.
It is noteworthy that these fibers ranked
in the same order when compared for
biopersistence in vivo (64). Ifthese find-
ings could be validated on a much larger
number of fibers, the number ofwater
vapor molecules adsorbed by a given mate-
rial might somehowpredict, in a quick and
simple way, the biopersistence ofparticles
or fibers close in size and shape.
Modification ofthe
Surface in Vivo
The surface is partly modified in vivo even
in the most biopersistent particles such as
amphibole asbestos or crystalline silica,
50
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e 30 MMVF10 .40
o 20
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0
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Pressure, torr
Figure 3. Adsorption of water vapor on vitreous fibers
(MMVF10, MMVF11, MMVF21) and pure silica glass
(Suprasil). Adsorption isotherms: adsorbed amounts as
a function ofequilibrium pressure.
whose form sometimes appears unchanged
even after retention for decades in the body.
Some fibers break apart; others, such as
chrysotile, split into fibrils and are progres-
sively leached. In addition to the obvious
adsorption ofbiomolecules from extracellu-
lar fluids and cytoplasm, some ions will be
selectively deposited on the particle and
others extracted byendogenous chelators.
Iron chelators mobilize considerable
amounts ofiron from some asbestos, which
modifies the surface and subsurface layers
(44,50,53,65-67). Solubility in biological
fluids containing molecules or anions that
may chelate metal ions e.g., oxalate, phos-
phate, cysteine is much different from that
in pure aqueous solution (66,67).
Scanning electron microscopy-energy
dispersive spectroscopy investigations in
our laboratory on ex-in vivo particles
revealed that ion deposition is specific for
each solid examined (unpublished results).
Major modifications take place in two
cases: the formation offerruginous bodies
on asbestos (and few other kinds offibers),
and the progressive desegregation of
chrysotile asbestos fibers.
Ferruginous bodies are the final product
of a type of biomineralization that takes
place on the surface of inhaled mineral
fibers; endogenous iron deposits around
the fiber, forming a thick, segmented coat-
ing of iron oxyhydroxides mixed with
organic material (68-70). Long straight
fibers are preferentially coated over short
curled ones, but the percentage of coated
fibers also depends on asbestos fiber type.
In a recent Japanese study, a high number
of asbestos bodies was found in a rather
large cohort of patients. The number of
coated fiber varied from 5% for chrysotile
to 27% for amosite (71). This suggests
that formation ofasbestos bodies is related
to both form and surface chemistry ofthe
inhaled fiber. The biological significance of
this process is still obscure (70). It is
assumed to be a body defense mechanism
attempting to isolate the fiber from direct
contact with the lung. However, under
some circumstances, the iron contained in
the bodies may become redox active and
trigger a series of deleterious reactions;
amosite-cored asbestos bodies were respon-
sible for the formation of single-strand
breaks in DNA to a larger extent than
uncoated fibers of similar size (72). If
deposited iron is, or becomes, redox active,
cycles of iron extraction and redeposition
at the fiber surface may provide continous
activation ofthe surface, releasing free radi-
cals via the above mechanisms, which may
account for long-term pathogenicity
(43,50).
As opposed to amphiboles, which
persist within the bodyvirtually unchanged
in their crystal structure, chrysotile is pro-
gressively split into fibrils and is eventually
cleared from the lung, which makes the
assessment ofexposure to chrysotile some-
times difficult. This is due to its typical ser-
pentine (layered silicate) structure, which is
schematized in Figure 4. Chrysotile is a
layered silicate; one [SiO4]4- layer alter-
nates with a [Mg(OH)2] (brucitic) one.
Because the latter is larger, the sheets curl
up, assuming the familiar fibrous character-
istics. When leached with oxalic acid solu-
tions, which mimics what may happen in
vivo over long periods oftime, the brucitic
layers are solubilized, which leaves, in
extreme conditions, just the silica frame-
work. Leaching ofchrysotile also occurs in
cell cultures. It is more pronounced with
AM than with pleural mesothelial cells,
most likely because of differences in pH
within the cells (73).
Surface area is increased by the leaching
process, both because of the formation of
empty cavities within the solid, and the
splitting of bundles offibers into fibrils
(Figure 4). The adsorptive capacity ofdif-
ferent kinds ofsmall molecules e.g., water,
ammonia, tert-butanol, even when mea-
sured per unit surface area, is much higher
on leached than on unleached fibers.
Figure 5 illustrates the adsorption of
ammonia, measured on a per-unit surface
basis, which indicates the presence ofacidic
surface sites. The above data indicate that
in addition to the increase in specific sur-
face, leaching imparts a different chemical
reactivity to the surface. On leached fibers,
strong adsorption ofproteinaceous mater-
ial may take place, which eventually would
protect the body from direct contact with
the fiber. However, adsorption of PAHs is
weaker with leached than with the original
chrysotile, which suggests that solids with a
basic character (asbestos, magnesia) have
more affinity for PAHs than those with an
acidic one (silica, alumina) (14).
As a consequence ofsurface differences,
some biological responses to chrysotile
fibers are also modified upon leaching:
more cytoplasmic enzymes but fewer lyso-
somal enzymes were released with leached
fibers than with unleached ones (74). The
inactivation ofhuman leukocyte elastase
was greater on the leached fibers, probably
in connection with their greater surface
acidity (75), as was shown by its higher
affinity for ammonia (Figure 5).
Environmental Health Perspectives * Vol 105, Supplement 5 * September 1997 1017B. FUBINI
(0\\A \viOH OH OH Q/j OF
Brucitic
J
0 0
I / This component layer~~~ 0 (V 0 0 O OHO0 O/is leached in
SiSi acidic solutions
Silica
framework
Leaching: oxalic acid removing the Mg(OH)2layer
Splitting offibers Generation of cavities
into fibrils within the fibers
Figure 4. The effect of leaching on chrysotile fibers: micromorphological modifications.
Surface Chemistry
in Future Work
The molecular mechanisms by which
particulates elicit a pathogenic response are
still partly obscure even for well-established
carcinogenic materials such as asbestos (11)
or crystalline silica, which is one ofthe most
fibrogenic dusts (7,18,76) and has been
recently classified as carcinogenic to humans
by the International Agency for Research on
Cancer (42). This is partly because
research in this field has proceeded in the
following sequence, beginning with evi-
dence ofthe association between exposure
and pathogenicity ofa given material:
epidemiology -- in vivo tests-- in vitro
tests -- biochemical mechanisms -*
chemical roles played by the solid in
the overall process
10-
8-
0
E
6-
0
0 4-
z
2
0
0 10 20 30 40 50
Pressure, torr
Figure 5. The effect of leaching on chrysotile fibers:
increase in adsorption capacity. Adsorption of ammo-
nia (adsorption isotherms: adsorbed amounts as a
function of equilibrium pressure) on original (empty
symbol) and leached (full symbol) chrysotile.
An understanding of the last point
for toxic particles and fibers whose toxicity
is well established could be of great help
in designing safer new materials to be used
as substitutes for pathogenic ones. The
above sequence could be reversed in the
following way:
mineralogy (identification of
properties ofpathogenic minerals)->
model solids (each bearing one ofthe
identified properties)-> in vitro tests
(association between surface properties
and cellular responses)-> in vivo tests
(validation oftoxicity related to a given
surface property)
Under these circumstances the
knowledge ofpathogenic minerals accumu-
lated so far could be utilized to produce
safer new materials and cell-free and
in vitro tests could be used to prescreen
new fibers and particles on the market and
in the environment.
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